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INTRODUCTION 43
Accurate models of the topography are important from a scientific as well as from a socio-economic 44 point of view. In science, digital elevation models (DEMs) play a crucial role, e.g. for navigation, 45 hydrology, gravity field modelling, geology and other Earth-related disciplines (e.g. Research (CGIAR-CSI) and GEODATA DEM-9S (version 3), and evaluated them using 6392 levelling and 68 911 GPS/levelling ground control points. 69
In this study, three DEMs, namely SRTM3 version 2.1 released by United States Geological Survey 70 (USGS), the SRTM model released by CGIAR-CSI (version 4.1) and ASTER GDEM2 (version 2), are 71 compared and evaluated against a large and for DEM-evaluation little-used ground truth data set. The 72 data set contains station heights from the Australian National Gravity Database and provides a much 73 larger set of ground truth points than previously used (e.g. Hirt et al. 2010 In this paper all the elevation data used in this study are reviewed. Firstly, the three global DEMs under 86 evaluation are described and results from previous studies on their performance are briefly 87 summarised. Secondly, the ground truth data set (the Australian National Gravity Data Base) is 88 presented and analysed regarding its positioning accuracy. The different models are compared and 89 validated against the ground truth data. The vertical accuracy of the DEMs is assessed as a function 90 The no-data areas are still present in the latest version, which is a major drawback of the data set, as 178 it is up to the user to fill the data 'holes'. The centre column of to be used for a wide range of applications, such as hydrological and gravity modelling, without the 203 necessity of (void-treating) pre-processing steps. 204
The CGIAR-CSI SRTM v4.1 DEM has been evaluated over Australian territory in Hirt et al. (2010) and 205 compared with ASTER GDEM1, Australia's national elevation data set GEODATA DEM-9s (ver3) and 206 ground-truth data sets (comprising 911 GPS/levelling and 6392 levelling ground control points (GCPs)). 207
The SRTM v4.1 data set was found to be a serious alternative to the GEODATA DEM-9s (which among 208 others has been used to fill SRTM holes in mountainous areas) and shows RMS (root-mean-square) 209 values around 6 m when compared to the GCPs. However, due to the location of the GCPs, the RMS is 210 only representative for rather less-vegetated areas. In Table 3 we categorise all ANGD stations according to six different positioning confidence levels 233 (based on the metadata in the Index of Gravity Surveys) ranging from poor (level 1) to ultra-high 234 accuracy (level 6). Stations assigned, e.g. to level 6 are also assigned to the respective lower levels, as 235 they also fulfil the accuracy requirements of those levels. Out of the 1. show a positioning accuracy in the order of 10 cm (or better) due to the use of GPS for positioning in 239 the latest gravity surveys. As such, a large number of highly accurate GCPs are available for the DEM 240 evaluation. The station distribution and regional differences in accuracy (e.g. stations with high, very 241 high and ultra-high positioning accuracy or confidence levels 3 to 6) highlight the heterogeneity of the 242 positioning data of ANGD stations (Figure 1 ). Note that orthometric heights 243 
245
(heights relative to the geoid) as well as ellipsoidal heights (heights relative to the WGS84 ellipsoid) 246 are provided for each station. In this study, only the ellipsoidal heights that were transformed to 247 orthometric heights by consistently subtracting the geoid heights obtained from EGM96, are used. 248
DEM EVALUATION 249

Vertical (elevation) accuracy assessment methods 250
The vertical (elevation) accuracy assessment yields quality estimates for the (orthometric) heights that 251 are given by all individual digital elevation models relative to the geodetic datum WGS84/EGM96. 252
In a first step, the models are intercompared grid-wise by calculating elevation differences for the 253 entire Australian continent. These differences help to identify large-scale systematic errors (such as 254 offsets) and small-scale anomalies (such as voids) in the individual models. In the comparison of ASTER 255 GDEM2 with the two SRTM DEMs, the ASTER grid is down-sampled to the coarser SRTM grid-spacing 256 (3 arc-seconds) by arithmetically averaging 3 x 3 ASTER pixel arrays. This method is similar to the 257 production of the finished grade SRTM3 USGS release (which also is the basis for the CGIAR-CSI release) 258 itself (c.f. USGS 2009), and ensures that both datasets become spectrally consistent. Therefore down-259 sampling ASTER seems the most adequate method to deal with the different DEM resolutions. 260
Consistent land-water masking using the SRTM Water Body Data ensures that water-values do not 261 distort the comparison. Further, only areas where both data sets have valid topographic information 262
were taken into account (data-voids were masked out). 263
In a second step, the models are compared to GCPs from the ANGD at the two highest confidence 264 levels. areas (~ 46%), shrub-and grassland (~ 36%) and forest areas (~ 10%) (see Figure 2) . GlobCover types 278 that did not overlap with ANGD stations are classified as "unused / non-classified" (~ 8%). 
287
shows the detailed assignment of the GlobCover land-types (with ID and label) to the three groups. In 288 the case of terrain analyses, we categorise each ANGD station by the RMS of the heights (later referred 289 to as terrain RMS) in a 1 x 1 degree sized tile in which the station is located. The parameter terrain type 290 then relates directly to the height amplitudes of the topographic relief in the station's vicinity. 291
The vertical accuracy is correlated to and deteriorated by shortcomings in horizontal positioning 292 (georeferencing accuracy) in the DEMs as well as in the GCPs. Consequently, the DEMs are corrected 293 for the calculated horizontal offsets in the following analyses of the vertical accuracy. 294
Vertical accuracy assessment results 295
The results of the intercomparison of the three DEMs over the entire Australian continent reveal 296 interesting differences among the models. Note that within the intercomparison of the DEMs, water areas and voids of the involved data sets 325 have been masked out. Consequently, in the statistics (Table 5) CGIAR-CSI shows a misleadingly worse 326 performance than USGS SRTM3 (in comparisons to ASTER GDEM2), because in the latter DEM the 327 problematic regions (voids) are neglected whereas in the first DEM the holes were filled (Reuter et al. 328 2007) . Additionally, the stripe resulting from the georeferencing offset found in CGIAR-CSI also 329 accounts for some increase of the RMS. 330
331
Figure 3: Comparison of DEMs over Australia: (a) Terrain of Australia, (b) SRTM CGIAR-CSI -SRTM3 USGS, (c) SRTM CGIAR-
332
CSI -ASTER GDEM2, (d) SRTM3 USGS -ASTER GDEM2; Units are in metres.
334
The comparison of the DEMs with ANGD GCPs as a function of the land cover is summarised statistically 335 in Table 6 for positioning confidence level 5 (dH ≤ 10 m, dXY ≤ 1 m) and level 6 (dH ≤ 0.1 m, dXY ≤ 0.1 336 m). When comparing the total RMS generated with level 5 and level 6 GCPs, a significant deterioration 337 of the statistics, due to the less accurate positioning of the level 5 GCPs, becomes visible. Conversely, 338 lower standard deviations reflect the higher confidence of level 6 GCPs. In consequence only the 339 statistics with level 6 GCPs are discussed in the following, although in a relative sense the level 5 GCPs 340 allow similar findings. 341 
(c) ASTER GDEM2 -SRTM CGIAR-CSI, (d) ASTER GDEM2 -SRTM3 USGS; no-data values (voids) are shown in dark red; Units
363
Classifying the ANGD stations by land cover and calculating the statistics within each class, the bias is 364 seen to be highest for ANGD stations located in forest areas (around 3.6 m) but over bare ground areas 365
we still see a positive bias of around +2.7 m. In the case of ASTER, the observed negative bias can be 366 explained by the DEM calibration (an offset of -5 m has been adjusted in GDEM2; Tachikawa et al. 367 2011b) aiming for a best average fit to the Earth's topography. Given ASTER is also sensitive to the top 368 of canopy, the best fit is "distorted" and the calibration consequently has lead to a negative ('true') 369 bias over bare areas. The offset of -4.2 m for ASTER GDEM2 over bare ground is higher than the already 370 376 of -8 m (from GPS/levelling GCPs) up to -9 m (from levelling GPCs), we can confirm the adjustment of 377 an elevation bias of approximately -5 m in the second ASTER release. Overall, GDEM2 has improved 378 significantly compared with its predecessor. 379
The evaluation of the three DEMs with ANGD GCPs of confidence level 5 as a function of terrain type 380 (terrain RMS) is summarised in Table 7 . The parameter terrain RMS is defined above and is used here 381 to categorise the ANGD GCPs into five groups of different terrain roughness. Unlike the land cover 382 analyses, the analyses of the dependence of the DEM accuracy on terrain type is performed only with 383 ANGD stations of confidence level 5, because ANGD stations of level 6 are hardly available in 384 mountainous terrain. At the first glance, the RMS values in Table 7 indicate that the accuracy of the 385 DEMs depends on the roughness of the terrain; the rougher (= steeper) the terrain, the higher the RMS 386 compared with ANGD GCPs and vice versa. However, this outcome must be balanced against the fact 387 that level 6 GCPs (which are comprised in the level 5 GCPs) are predominately found in smoother 388
terrain. In other words, the portion of GCPs of lower accuracy is higher in the terrain categories 389 mountainous and very mountainous. showed that by up-sampling SRTM to the ASTER resolution the calculated horizontal offsets of single 411 tiles deviate in the sub-pixel range. However, in our analyses we focus on the down-sampling 412 approach, as in the up-sampling approach both data sets are not spectrally consistent. 413
Comparing both SRTM releases no horizontal offset could be discovered, apart from a 1 degree E-W 414 aligned stripe centred at -29.5° latitude. As found above, within this stripe the respective CGIAR-CSI 415 SRTM tiles show a 1 pixel shift relative to the rest of the tiles (and relative to the SRTM3 USGS release). 416
As a consequence, the USGS SRTM release was used to determine the relative georeferencing offset 417 between ASTER GDEM2 and SRTM. Our analysis in 529 samples (each comprising 1.44 million points) 418 of 1 x 1 degree sized tiles spread over the Australian continent (between -35° < latitude < -15° and 419 115° < longitude < 150°) reveal an average relative N-S offset of -0.007 arc-seconds and -0.100 arc-420 seconds offset in E-W direction ( Figure 6 , left plot). The standard 421 heights of all DEMs reflect the surface of the Earth (including vegetation and buildings) rather than the 472 actual topography. The mean height differences are higher in areas with constant vegetation/tree 473 cover than in areas, which are barely vegetated (where bare ground can be sensed from space). Our 474 estimate for the true height offset (over bare ground) is -4.2 m for ASTER GDEM2 and +2.7 m for both 475 SRTM DEMs. The analyses of the height differences to ANGD GCPs compared with the terrain type 476 present at the ANGD station reveal a high correlation between terrain roughness and DEM accuracy. 477
The rougher the terrain, the higher the RMS to ANGD GCPs becomes and vice versa. 
